To investigate the effect of intraocular scatter on stereopsis, we measured stereoacuity with scatter either remaining at the natural eye-induced level or further enhanced by a set of three different scatter filters. Stereo thresholds at different viewing durations were obtained using a psychophysical method of constant stimuli. The results indicate that stereoacuity was degraded with a binocular increase in scatter levels for all the subjects. Measurements were also performed in the presence of interocular differences in scatter levels. In this case, stereoacuity was found to be even a little worse than that obtained with both eyes at a higher scatter level. This suggests that stereoacuity in the presence of interocular differences in scatter levels is mainly dependent on the higher scatter level.
Introduction
Living in a three-dimensional world, it is crucial for humans to obtain information about the depth of objects in space (Kang, Dai, & Zhang, 2015) . With the advent of three-dimensional entertainment options, the precision of depth sensation is more important than ever before (O'Connor et al., 2010) . Our perception of depth is substantially enhanced by the fact that we have binocular stereopsis. This provides us with more accurate estimates of depth and therefore improved sensation of the three-dimensional shapes and positions of objects (Hibbard, Haines, & Hornsey, 2017) . Stereopsis is one of the human visual system's most remarkable achievements (Fielder & Moseley, 1996) and its functional importance has been demonstrated for situations that require manual skills (Mazyn, Lenoir, Montagne, & Savelsbergh, 2004; Mrotek, Gielen, & Flanders, 2006) .
It is now known that contrast plays an important role in stereopsis. A number of attempts have been made to investigate the effect of contrast on stereopsis. Heckmann and Schor measured stereo thresholds for sinusoidal luminance gratings with four sets of contrast. They found that stereo thresholds were reduced with increased contrast in the sinusoidal luminance gratings. Halpem and Blake (Halpen & Blake, 1988 ) reported a similar phenomenon in an earlier study with an aperiodic narrow-band stimulus. Therefore, it is reasonable to speculate that increasing contrast has a negative effect on stereopsis.
Intraocular scatter is an important optical factor affecting contrast sensitivity. There have been several studies assessing the effect of intraocular scatter on contrast sensitivity. Bueno, Pérez, Benito, and Artal (2015) measured contrast sensitivity at different scatter levels induced by pre-defined filters. The results indicated that contrast sensitivity decreased with increasing scatter for all spatial frequencies. A similar phenomenon was also observed in our recent study (Zhao, Xiao, Zhao, Dai, & Zhang, 2017) . According to the influence of contrast on stereopsis, intraocular scatter might have a negative effect on stereopsis. However, no relevant results have been reported to date and it is of interest to research this issue. Meanwhile, an interesting phenomenon reported in previous studies (Halpen & Blake, 1988; Legge & Gu, 1989; ) is that stereoacuity was degraded when the contrast was unequal between the two eyes. To confirm this "contrast paradox", stereo performance in the presence of interocular difference in scatter levels were measured in this study.
In this study, we investigated the effects of intraocular scatter on stereopsis. The stereo stimuli were two-line stereograms and a psychophysical method of constant stimuli was used to obtain stereo thresholds. Stereoacuity was measured with scatter either remaining at the natural eye-induced level or further enhanced by one of three different scatter filters and then compared across different optical conditions. The influence of interocular scatter differences on stereopsis was also analyzed. The paper is organized as follows. Section 2 introduces the experimental methods, including apparatus, subjects, and procedures. Section 3 presents the results for stereoacuity measurements. 
Methods

Apparatus
In this study, a binocular adaptive optics visual simulator (BAOVS) was used as the experimental platform because we planned to study the joint effect of higher-order aberrations (HOAs) and intraocular scatter on stereopsis on this platform in a later work. The BAOVS was established previously and described in detail elsewhere . In brief, it comprises two identical monocular channels capable of sensing and manipulating binocular aberrations and simultaneously performing visual function testing. The visual stimuli are generated and controlled by computer programs developed using Matlab 6.5 (Mathworks, Natick, Massachusetts) and the Psychtoolbox extension. In this study, the static refractive errors (defocus and astigmatism) of the eyes were corrected with appropriate trial lenses throughout the experiment and the adaptive optics system was not functioning. In this study, a pupil of 4.6 mm was used in all cases.
Subjects
Three well-trained subjects (CH, ZJL, and WP), all with normal corrected vision, aged between 25 and 29 participated in this study. Some optical information for both eyes of the subjects is shown in Table 1 . Refraction was measured with a wavefront analyzer (KR-1W, Topcon Corporation, Tokyo, Japan). Informed consent was obtained from all subjects and the experimental procedures conformed to the tenets of the Declaration of Helsinki.
Procedures
The visual stimuli for testing stereopsis in this study were two-line stereograms specifying horizontal disparity. The visual stimulus was projected by an organic light-emitting diode micro-display (OLED; EMA-100110, eMagin Corporation, USA). The stimuli were black lines on a bright background and the luminance was set to 107 cd/m 2 for both eyes. There were two thin vertical lines exhibited in the display for each eye. The upper line stood in the middle in both displays. The lower pair of lines was horizontally shifted from the reference line in opposite directions by half the disparity. Thus, the lower line would appear to the observer to be closer or further than the upper line, according to the sign of the disparity that was induced. The process of the test is described in detail elsewhere . The stereo threshold was measured using the method of constant stimuli. The disparities in the test were 20, 80, 140, and 200 arc sec. The experiment was performed over five sessions. Each session contained 80 trials presenting the eight disparities equally in a random order. The psychometric data from all sessions were combined and the proportion of "far" responses was calculated for each disparity. These data were then subjected to a logistic function (Berkson, 1953) ,
where p is the proportion of "far" responses and x is the disparity. The stereo threshold was the semi-interquartile range of the logistic function (Fernández, Prieto, & Artal, 2010; Harwerth, Fredenburg, & Smith, 2003) . Thus, a threshold was calculated based on 400 presentations.
Three commercially available scatter filters manufactured by Tiffen (Pro Mist 1/2, Pro Mist 1, Pro Mist 2) were used in front of the normal eyes to simulate intraocular scatter; the details of this method are described elsewhere (de Wit, Franssen, Coppens, & van den Berg, 2006) . These filters were "camera filters" and are typically used to produce a haze effect in photographs. The three scatter filters had different levels of light-scattering properties. A higher grade indicates an increasing scattering effect of the filter. These scatter filters decreased the light transmission by 95%, 92%, and 93%, respectively. Although the distance between the filter and eye does not affect the scattering light distribution on the retina (de Wit, Franssen, Coppens, & van den Berg, 2006) , the filters in this study were placed as close as possible to the eye. The stereo threshold measures were repeated for different combinations of three exposure durations (150, 300, and 450 ms) and five scatter levels of the eyes as follows: (i) no scatter filter was applied; (ii) scatter filter S0.5 (Tiffen, Pro Mist 1/2) was applied to each eye; (iii) scatter filter S1 (Tiffen, Pro Mist 1) was applied to each eye; (iv) scatter filter S2 (Tiffen, Pro Mist 2) was applied to each eye; (v) an S0.5 filter was applied to the left eye and an S1 filter was applied to the right eye. In conditions (ii-v), the scatter filters were used in front of healthy eyes to simulate the scatter effect seen with cataracts (de Wit et al., 2006) . In addition, the five scatter conditions were implemented in a randomized order. The stereo threshold for each condition was calculated as the mean of the results of the three measurements.
Results
Stereoacuity vs. viewing duration at different scatter levels
The stereoacuity is plotted as a function of viewing duration for the three subjects in Fig. 1 . Magenta squares represent results acquired without scatter filters. Blue circles, red triangles, and green stars represent the stereoacuity acquired with the binocular application of scatter filters S0.5, S1, and S2, respectively. The stereoacuity decreased with increasing scatter for each subject. The binocular application of the S0.5 scatter filter decreased stereoacuity by an average magnitude of 3.4, 1.9, and 1.2 arcsecs at 150, 300, and 450 ms, respectively, in the three subjects. The stereoacuity when applying the S1 scatter filter was degraded by about 7.4, 3.8, and 2.7 arcsecs at 150, 300, and 450 ms, respectively, in the three subjects. Binocular application of the S2 scatter filter decreased stereoacuity more remarkably, by an average magnitude of 12.0, 6.2, and 3.9 arcsecs at 150, 300, and 450 ms, respectively, in the three subjects. Paired-sample t tests were then performed for three groups. Group 1 consisted of data obtained without the scatter filter and that obtained with the S0.5 scatter filter. Group 2 consisted of data obtained without a scatter filter and that obtained with the S1 scatter filter. Group 3 consists of data obtained without a scatter filter and that obtained with the S2 scatter filter. The degrees of freedom in the three groups were 26, and the effect size for the three groups were 0.68, 0.48, and 0.25, respectively. All decreases were J.-l. Zhao et al. Vision Research 153 (2018) 124-128 found to be statistically significant using the paired-sample t-test (p < 0.05). It can be easily seen that, in all cases, stereoacuity thresholds were always lower at longer viewing durations, suggesting a persistent effect of viewing duration on stereoacuity even at different scatter levels. In addition, the fitted parameters of the logistic function were calculated to assess the variability of psychometric fits; the fitted parameters for Subject CH are presented in Table 2 . Fig. 2 plots the stereoacuity variation with and without interocular difference in scatter at three viewing durations. Green triangles represent stereoacuity variation with different scatter filters for the eyes (the left eye with an S0.5 filter, the right eye with an S1 filter). Red squares and blue circles represent the stereoacuity variation with S0.5 filters and S1 filters for both eyes, respectively. The variation here corresponds to the stereoacuity change induced by the scatter filters relative to the filter-free condition. It can be observed that the stereoacuity variation with different scatter levels for the eyes was larger than the corresponding results achieved with the S0.5 scatter filter applied binocularly. In most cases, stereoacuity variation with different scatter levels for the eyes was larger than the corresponding results achieved with the S1 scatter filter applied binocularly. Further statistical analysis indicates that the stereoacuity variation with different scatter levels for each was significantly larger than the variation with the S0.5 scatter filter applied binocularly for any viewing duration (p = 0.029, 0.010, and 0.046 for 100, 300, and 500 ms, respectively). Stereoacuity variation with different scatter levels for the eyes, however, was not significantly different from the variation with the S1 scatter filter applied binocularly for any viewing duration (p = 0.135, 0.053, and 0.764 for 100, 300, and 500 ms, respectively).
Stereoacuity measured with and without interocular differences in scatter
Discussion
This study concentrated on the effects of intraocular scatter on stereopsis. Scatter filters were used in front of healthy eyes to simulate the different scatter effects seen with cataracts (de Wit et al., 2006) . The subjects were well instructed and trained before the experiments to ensure that they made judgments based on depth perception rather than monocular cues. Disparity thresholds for different contrasts (0.05 and 1) and spatial frequencies were measured by Lee, Shioiri, and Yaguchi (2004) . They found that disparity thresholds were commonly lower for low contrast than for high contrast conditions at the same spatial frequency. Bueno et al. (2015) measured contrast sensitivity with different scatter levels induced by pre-defined filters, and they found that contrast sensitivity decreased with increasing scatter for each spatial frequency. We also found that contrast sensitivity was worse when scatter increased in our previous study (Zhao et al., 2017) . In effect, an increase in scatter was equivalent to a deterioration in stimulus contrast. The deterioration of stimulus contrast may lead to a decrease in stereoacuity.
In order to quantify the contribution of the difference in luminance with different filters on stereoacuity, we measured the stereoacuity under three luminance conditions without scatter filters by adjusting the luminance of the OLED display. The results of Subject ZJL are shown in Table 3 . Compared with the stereoacuity variation introduced by the interocular difference in scatter, the variation in stereoacuity caused by the difference in luminance were very small. The results suggest that the influence of the difference in luminance with different filters on stereoacuity could be neglected. Fig. 2 exhibits a clear trend that stereoacuity variation with different scatter levels for the eyes was not only larger than the corresponding results achieved with the S0.5 scatter filter for both eyes, but also a little larger than those achieved with the S1 scatter filter for both eyes. This suggests that when the scatter levels in the two eyes are different, the stereoacuity thresholds are higher than when both eyes are at a higher scatter level. Thus, the results were consistent with the "contrast paradox". A similar phenomenon was reported by Halpern Fig. 1 . Stereoacuity vs. viewing duration under different optical conditions for the three subjects. Magenta squares represent results acquired without scatter filters. Blue circles represent stereoacuity acquired with the binocular application of S0.5 scatter filters. Red triangles represent stereoacuity acquired with the binocular application of S1 scatter filters. Green stars represent stereoacuity acquired with the binocular application of S2 scatter filters. Low thresholds suggest good stereoacuity. Each threshold is the average value of three measurements. J.-l. Zhao et al. Vision Research 153 (2018) 124-128 and Blake (Halpen & Blake, 1988) in their study on the effect of interocular differences in contrast on stereoacuity. In their study, one eye of the subjects saw stimuli at different higher contrasts while the other eye always viewed a fixed low contrast. The results showed that stereoacuity was decreased when the contrast difference exceeded a certain range. The phenomenon in our study was similar in effect. The left eye viewed higher contrasts with the S0.5 scatter filter, while the other eye viewed the same contrast as when both eyes had the S1 scatter filter. After reducing the scatter levels of the left eye, the same stimulus contrast actually led to better retinal contrast. The larger contrast difference for the three subjects might be beyond the tolerance of the mechanism underlying stereopsis and thus led to a degradation of stereo performance, just as in the "contrast paradox". In addition, this finding implicated that when monocular visual performance was improved in the situations of various ophthalmic procedures such as cataract surgery, its impact on stereopsis should also be allowed for to avoid possible adverse effects. In Fig. 2 , the stereoacuity of Subject CH showed considerably larger degradation with an interocular difference in scatter compared to the other two subjects, especially at a duration time of 150 ms. This phenomenon may be caused by an imbalance in the optical situation of the subject. With the exception of interocular differences in scatter, the difference in HOAs for Subject CH was larger than for the other two subjects, as shown in Table 1 . A previous study showed that an interocular difference in HOAs had a negative effect on stereopsis .
The results in Fig. 2 show that the effect of scatter on stereopsis weakened as viewing duration increased. One possible explanation is that stereopsis has temporal integration properties as described by Bloch's law (Fredenburg, Harwerth, & Smith, 2001 ). Bloch's law predicts the reciprocity of stimulus intensity and viewing duration to achieve a constant threshold for viewing durations shorter than a critical duration. A similar phenomenon was found in a study of the effect of HOAs on stereopsis and an in-depth analysis was performed .
Conclusion
In this study, we measured stereoacuity with scatter either remaining at the natural eye-induced level or further enhanced by a set of three different scatter filters. The measurements were performed using the same scatter filter for both eyes or different scatter filters. Stereo thresholds at different viewing durations were obtained using the psychophysical method of constant stimuli. Stereoacuity decreased with the binocular increase in scatter level for all subjects. Stereoacuity variations with different scatter levels for the eyes were not only larger than the corresponding results achieved with the lower-level scatter filter applied to both eyes, but also a little larger than those achieved with the higher-level scatter filter applied to both eyes. This suggests that the stereoacuity thresholds with different scatter levels for the eyes were dependent on the higher scatter level of each single eye. Fig. 2 . Stereoacuity variation with and without interocular difference in scatter at three viewing durations for three subjects. Red squares represent stereoacuity variation with S0.5 filter for both eyes. Blue circles represent stereoacuity variation with S1 filter for both eyes. Green triangles represent stereoacuity variation with different scatter filters for the eyes (the left eye with S0.5 filter, the right eye with S1 filter). 
